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Abstract We investigate the potential impact of the local environment on rising parcels in a convective
boundary layer. To this end, we use data from an LES simulation of a shallow convective cloud ﬁeld to
feed a parcel model with a range of different local environments, representative of the heterogeneous
environment inside a shallow cumulus cloud layer. With this method we can study the statistics of an
ensemble of rising parcels, but also the behavior of individual parcels. Through the use of a heterogeneous environment, the interactions between different parcels are indirectly represented. The method,
despite its simplicity, allows closer investigation of mechanisms like parcel screening and buoyancy
sorting that have frequently been proposed in cumulus parameterization. The relative importance of the
entrainment formulation can be assessed, considering various classic entrainment formulations. We found
that while the entrainment formulation does affect parcel behavior, the impact of the local environment
is signiﬁcantly more important in determining the eventual fate of the parcel. Using a constant entrainment rate can already explain much of the variation in termination heights seen in nature and LES. The
more complex entrainment models then seem to act on top of this mechanism, creating second-order
adaptations in the main distribution as established by the heterogeneity of the environment. A parcel
budget analysis was performed for two limit cases, providing more insight into the impact of the local
environment on parcel behavior. This revealed that parcel screening inside cumulus clouds can be
effective in enabling parcels to reach greater heights.

1. Introduction

C 2016. The Authors.
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The representation of moist convective processes in global weather and climate models relies on parameterization. The improvement of convective parameterizations is necessary, but difﬁcult to achieve because
many processes are not yet fully understood. One such process is the mixing between parcels and their
environment [e.g., Romps and Kuang, 2010; Dawe and Austin, 2013]. This mixing affects the effective vertical
transport of heat, humidity, and momentum. It affects the radiation budget directly through the vertical distribution of strong greenhouse gases (e.g., water vapor), and indirectly through cloud generation and maintenance. The closure for the mixing process is important, since the representation of convection heavily
affects both future climate uncertainty and the skill of numerical weather predictions [e.g., Tiedtke, 1989;
Vial et al., 2013]. This has motivated intense scientiﬁc research into mixing and entrainment, which has
been ongoing for decades [e.g., Simpson and Wiggert, 1969; Lin, 1999; Gregory, 2001; De Rooy and Siebesma,
2010; Romps and Kuang, 2010; Dawe and Austin, 2013; De Rooy et al., 2013; Tian and Kuang, 2016]. Different
methods to study entrainment have been used, e.g., analyzing observational data [Jonas, 1990] or, more
recently, using large-eddy simulations (LES) [Dawe and Austin, 2013; Tian and Kuang, 2016]. Various different
approaches have been proposed to parameterize entrainment (for a recent review see De Rooy et al.
[2013]). For parameterization schemes of convection in large-scale models the debate of the proper closure
for the mixing process is still ongoing [e.g., Lin, 1999; Neggers et al., 2002; Siebesma et al., 2003; Romps and
Kuang, 2010]. The character of the entrainment parameterization depends greatly on the exact deﬁnition of
the rising parcel. If the approach assumes a bulk parcel, the entrainment formulation should represent the
mean entrainment of the population of cloud sizes. On the other hand, when a single parcel is assumed,
this parcel represents a single cloud or even a subcloud parcel, rising inside a cumulus cloud. The mixing
then represents something very different.
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This study focuses on the entrainment
of single rising parcels, and not on the
bulk entrainment of a whole ensemble of parcel. An idealized picture of a
rising parcel assumes that the parcel
ascends through a clean, cloud-free
environment. The reality is very different, since a parcel can meet a variety
of conditions and states, e.g., it can
encounter older, decaying clouds
(e.g., pulsating growth [Heus et al.,
2009]). In case of lateral entrainment,
the local environment which the parcel encounters on its way will codeterFigure 1. Schematic of rising parcels interacting with the local environment.
mine how far the parcel will
Parcels within a hostile environment stop near cloud base (left side), while parcels
within a friendly environment rise higher (right side).
eventually rise. The other factor determining the parcel termination height
is the behavior of the entrainment process, affecting the amount of entrained air. A priori, it is not clear
which factor will dominate. On the one hand, the local environment can reﬂect many states. An ‘‘unfortunate’’ parcel, encountering a lot of dry cloud-free air on its way up, will not rise far, while a ‘‘fortunate’’ parcel, rising inside a cumulus cloud, can be expected to be screened off from hostile environment, thus
perhaps having a better chance to rise far. The schematic in Figure 1 shows this concept. On the other
hand, an entrainment model can interfere with this process, by imposing other dependencies on different
variables. Some studies have proposed to represent this ‘‘chance effect’’ of entrainment events by means of
a random entrainment (an example for a stochastic model is given in Romps and Kuang [2010]). However,
one wonders if this stochastic effect should then not rather be represented in the air that is entrained (the
source), not in the entrainment model itself. Thus, the resulting question is: To what extent is the fate of the
parcel determined by the local environment that it happens to meet on its way, and to what extent is it
determined by the entrainment?
The aim of this study is to shed light on this problem, and to determine which factor effectively determines
the fate of a rising parcel. To do so, we try to separate between the impact of the local environment and
that of the entrainment model itself. While some recent studies have intercompared different entrainment
models [e.g., Chikira and Sugiyama, 2010], this separation has received less attention. Many entrainment
studies are diagnostic in nature, extracting a relation from data, but refraining from investigating its impact
on actual parcel behavior. In this study, different entrainment models are tested in one single rising parcel
model. The classic and often-applied rising parcel model by Simpson and Wiggert [1969, hereinafter SW69]
is used for this purpose. The parcel model is fed with a variety of local environments as sampled from an
LES of a subtropical marine trade-wind cumulus cloud ﬁeld. These local environments may represent (i) dry
cloud-free conditions, (ii) cumulus clouds, (iii) or any state in between, including partially cloudy conditions.
This way, the variability in thermodynamic states typical of a shallow cumulus cloud layer is fed to the rising
parcel model. The next step is then to test various entrainment models as proposed in the literature, including dependencies on height, vertical velocity, buoyancy, and stochastics. The constant entrainment rate
model is used as a limit case, allowing assessment of the impact of purely the different environments on
the rising parcel.
In section 2, a brief review of different entrainment models is provided. In section 3 the parcel model is
then formulated, and the experiment setup is described. Section 4 presents the results, followed by a discussion and summary of the ﬁndings in section 5.

2. A Short Review of Entrainment Models
In any investigation of the behavior of rising parcels, the entrainment process should play a central role.
Since entrainment is difﬁcult to measure, LES simulations of case studies are often used to design parameterizations of entrainment. In the literature, many different entrainment closures have been proposed,
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Table 1. Entrainment Formulations From the Literature
Reference

Entrainment Formulation

Simpson and Wiggert [1969]
Siebesma et al. [2003]
Soares et al. [2004]
Neggers et al. [2002]
Lin [1999]

c



0:2=R
1=z
1
1
z1Dz 1 ðzi 2zÞ1Dz

g=ðswÞ
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featuring dependencies on a variety of variables (for a review see De Rooy et al. [2013]),
for both plumes and parcels (from now on we
will use the term ‘‘parcel,’’ see also section
3.1). An overview of some of the better known
formulations is given in Table 1.

Based on laboratory and analytical considerations, SW69 hypothesized that the entrainment should be inversely related to the
radius of the cloud R, with e the fractional entrainment rate. For simplicity, they assume the radius of the
cloud to be constant with height. Tiedtke [1989] use the same parameterization and assume an average
cloud radius to get a constant entrainment rate, differentiating only between two different cumulus cloud
regimes.
Another approach is to relate entrainment rate to height. Siebesma et al. [2003] found in LES studies that
entrainment is decreasing with height. They use this dependency to formulate the entrainment as inversely
proportional to the height above the surface z. Soares et al. [2004] use a slightly more complex parameterization based on LES results, where entrainment is dependent not only on height but also on boundary layer
height zi, with c 5 0.5 and Dz the vertical grid spacing, whereas Siebesma et al. [2007] use a similar parameterization with a value of c 5 0.4.
Neggers et al. [2002] proposed an inverse dependency on the vertical velocity of the rising parcel w, featuring a turnover scale s. s is argued to represent the typical lifetime of a rising parcel, found to be 400 s based
on LES results. With this formulation, parcels with a high vertical velocity have a low entrainment rate,
enabling them to rise high.
The buoyancy sorting concept used as a parameterization scheme for shallow cumulus in Kain and Fritsch
[1990] sees the cloud edge not strictly as cloudy or noncloudy air. Eddies disturb the cloud edge, creating
different mixtures of cloudy and noncloudy air. Depending on the fraction of cloudy air in the mixture,
the buoyancy of these mixtures differs. Mixtures with a high percentage of environmental air have a negative buoyancy, while mixtures with mostly cloudy air have a positive buoyancy compared to the environment undisturbed by clouds. Positively buoyant mixtures are assumed to entrain into the cloud, while
negatively buoyant mixtures detrain from the cloud. To determine the threshold between positively and
negatively buoyant mixtures, a critical mixing fraction is calculated taking into account environmental
factors such as temperature and humidity. This model was further developed and applied by Bretheron
et al. [2004] and Park [2014]. The critical mixing fraction of the buoyancy sorting framework is also used
by De Rooy and Siebesma [2008] to calculate the detrainment. Gregory [2001] use buoyancy in their
entrainment formulation in combination with vertical velocity. A simpler approach is taken by Lin [1999]
(also used in Jensen and Genio [2006]), where e5kBa , with the constants k and a521:27, and B the
buoyancy.
Romps and Kuang [2010] found that a stochastic parameterization of entrainment, in contrast to a constant
entrainment rate, is able to represent the observed variability between updrafts. This variability depends
mostly on the variable entrainment rate during the ascent and much less on the conditions at cloud base.
For their eddy-diffusivity/mass ﬂux model, Suselj et al. [2013] also use the stochastic approach, but with a
constant entrainment rate below the level of condensation.
This study uses a variety of entrainment models, comparing them all in the same setup. Entrainment formulations with dependencies on height, buoyancy, vertical velocity, and stochastics are compared to a constant entrainment rate. This choice gives a broad spectrum of different concepts. Details about the
entrainment formulations are described in section 3.

3. Method
We study parcel behavior by looking at a rising, entraining parcel model, with the set of equations coded as
a standalone program. The parcel model is fed with vertical proﬁles diagnosed from the 3-D ﬁeld of the LES.
Different entrainment closures are applied and the results are intercompared.
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3.1. Parcel Model Formulation
A parcel is deﬁned here to represent an inﬁnitesimally small particle, much smaller than the coherent structures of the turbulent ﬁeld in which it rises. We assume that the parcel’s life time is much shorter than the
advective tendency of the bulk boundary layer, which motivates assuming steady state. The associated parcel model equations therefore describe the net change of the properties of such a small particle as it rises
through the turbulent ﬁeld. As the particle is inﬁnitesimally small, carrying no mass, its area fraction is not
considered. This approach is not unprecedented [e.g., Neggers et al., 2002; Romps and Kuang, 2010]. In addition, we assume that the parcel model also holds for small scales.
Accounting for these assumptions, the parcel model based on SW69 can be written as [Siebesma et al.,
2007; Neggers et al., 2009]
@Uu
52u ðUu 2Ue Þ;
@z

(1)

acc

mix
zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{
ﬄ{
1
@wu2 zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ
5 2bu ðwu2 2we2 Þ 1Bu ;
ð122lÞ
@z
2

Bu 5

g
ðHv;u 2Hv;e Þ;
Hv

(2)
(3)

with U a conserved thermodynamic variable for moist adiabatic ascent (total speciﬁc humidity qt or liquid
water potential temperature Hl), u the effective mixing rate, l50:15 and b 5 0.5 proportionality constants
for drag [e.g., Romps and Charn, 2015] and mixing, B the buoyancy, g the gravitational acceleration, Hv the
 the mean over the whole domain. ‘‘Acc’’ stands for the effective accelvirtual potential temperature, and U
eration term, which includes the pressure homogenization, and ‘‘mix’’ denotes the mixing term. While we
are aware that there are different values of l and b used in the literature, De Roode et al. [2012] found that
though our values might not be optimal for the RICO case, a range of values for l and b will only result in
small errors.
At this point we make some additional assumptions. The ﬁrst concerns the source of entrained air, which is
assumed to originate locally, adjacent to the parcel. This can be interpreted as an indirect way of introducing interactions with other parcels into the model. The properties of such parcels can differ greatly from the
passive, cloud-free environment, for example when the adjacent air (or parcel) also sits inside a cumulus
cloud. This sets this model apart from most previous multiparcel models, in which the parcels only interact
with the passive environment. In practice, to achieve this interaction, the proﬁles of all grid columns as sampled from a ﬁne-scale cumulus resolving model (LES) are given to the off-line rising parcel model. This
should reveal how a rising parcel can react to different local environments. During its ascent the parcel is
continuously diluted with air from the instantaneous LES column inside which it is rising; in (1)–(3) subscript
‘‘e’’ is replaced by ‘‘Lc’’ (LES-column) to reﬂect this lateral mixing model involving locally entrained air.
By using Lc in equation (3), Bu becomes a local buoyancy, describing the excess over the local environment.
This is very different from a mean buoyancy which describes the buoyancy over the horizontal mean. The
key difference is that parcels experience the local environment also in the buoyancy. It is to be expected
that parcels sitting inside a buoyant LES cloud (i.e., mean buoyant) will not have a large local buoyancy.
The second assumption is that the parcels rise only vertically, not laterally. Alternatively, one could choose
to use LES trajectories of rising parcels instead, which perhaps would better follow rising cumulus clouds
during their life cycle. However, this approach is also not without problems. For example, model parcels
which mix differently compared to the actual rising parcel will start to deviate from this trajectory. We therefore consciously adopt a simpler approach, by only considering purely vertical columns. While this simpliﬁes
the analysis, it still confronts the parcel model with many different environments; this should be sufﬁcient
for studying the potential impact of heterogeneous air on the fate of the parcel, and give insight into mechanisms like parcel screening and buoyancy sorting. The use of many different, but representative proﬁles
allows a statistical assessment of parcel behavior.
The rising parcel model is thus vertically integrated with the environmental properties obtained from sampled columns from instantaneous 3-D LES ﬁelds. With this setup, we follow three aims:
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1. To confront the classic rising parcel model with a heterogeneous environment, representative of a shallow cumulus cloud ﬁeld.
2. To investigate the occurrence of parcel screening and buoyancy sorting mechanisms.
3. To explore the additional impact of the entrainment formulation.
This study exclusively focuses on gaining more insight into parcel model behavior in situations in which it
might encounter different local environments. The use of a heterogeneous environment, which can be
interpreted as introducing interactions between parcels, has not been a feature in most previous parcel
models. In the mixing term, two factors can a priori be distinguished that can play different roles concerning
the ascent of the parcels. The ﬁrst factor, the local environment, has varying effects. Inside an LES cloud,
where the difference between the parcel and the LES column can be small, the dilution is small, minimizing
deceleration due to mixing. On the other hand, when a parcel leaves the LES clouds, the mixing can decelerate the parcel. The second factor, the entrainment, is given by the closure of the model. Beforehand it is
not clear which factor will dominate. Therefore, to understand the behavior of the parcels we will investigate which factor dominates and has the larger effect on the ascent of the parcels.
3.2. Experimental Setup
For this study the SW69 rising parcel model is provided with vertical proﬁles as sampled from the LES model
UCLALES [Stevens et al., 2005]. The LES-columns are sampled from the instantaneous 3-D ﬁelds of temperature, humidity, and vertical velocity, which are then used as the environmental variables appearing in equations (1–3). We stress that the parcel calculation does not affect the LES in any way.
For testing the SW69 rising parcel model the Rain In shallow Cumulus over the Ocean (RICO) case was chosen [Rauber et al., 2007], as it represents a clean undisturbed case of marine shallow cumulus. The campaign
took place from November 2004 to January 2005 near Antigua and Barbuda in the Atlantic Ocean in the
trade wind region. Measurements were conducted by three aircrafts, one research ship and land stations.
LES simulations based on this case have been intercompared and confronted with measurements [van
Zanten et al., 2011], showing that LES models do well in reproducing its key features.
After 9 h the spin-up time of the simulation has passed. The time period selected for analysis in this study
therefore starts at 9 h and ends at 12 h, which gives enough data for analysis without being computationally
very costly. During these 3 h, every 200 s the LES proﬁles of all columns are given to the parcel model. The
simulated model domain is 14 km 3 14 km 3 4 km with a resolution of 100 m in the horizontal and 40 m in
the vertical, which is the same resolution as used by van Zanten et al. [2011]. The UCLALES model we use has
a Smagorinsky type subgrid scheme and was part of the intercomparison in van Zanten et al. [2011].
The rising parcels are initialized at the lowest model layer with
environment

zﬄﬄﬄﬄﬄ}|ﬄﬄﬄﬄﬄ{
Uu ðx; yÞ5 ULc ðx; yÞ 1

surface perturbation

z}|{
DU

;

(4)

 the mean over the grid cell. This formulation gives all parcels an initial
DU the surface perturbation, and U
excess of U and thereby ensures that all parcels reach the cloud layer. The parcel initialization height is
assumed to be situated inside the surface layer, so that a constant ﬂux with height can be used, which
means that the perturbation can be written as
DU5c w 0 /0sfc =rw ;

(5)

as proposed by Troen and Mahrt [1986], where rw is calculated using the relation proposed by Holtslag and
Moeng [1991] and c is a scaling factor. We choose to keep c constant for simplicity to be able to assess only
the variability of the environment. This procedure is fully described in the ECMWF IFS documentation, Part
4, Chapter 3. This initialization procedure is also used in Neggers et al. [2009]. Condensation within the parcel follows the common method used in Sommeria and Deardorff [1977].
3.3. Implementation Details
Next, the details of the implementation of the entrainment models as listed in Table 2 are brieﬂy discussed:
1. The ﬁrst, simplest possible entrainment model assumes the entrainment to be a constant c for all
parcels.
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2. For the dependency on height, the model by
Siebesma et al. [2003] is used, where e5c ð1=zÞ
and
c is a constant to be calibrated.
Entrainment Model
Parameter
Best Fit
RMSE
3.
The
model by Lin [1999] is used for the buoyancy
Constant
c
1/70
0.0112
dependency, where ei 5kBai21 . Here i denotes the
1/w
s
100
0.0099
1/z
c
50
0.0112
level where the entrainment is calculated. Since we
0.0095
1/B
k
1:231026
need the entrainment to calculate the buoyancy of
Stochastic
c
1/25
0.0096
the current level, the buoyancy of the previous level
is used. We choose a521:27, which Lin [1999] found
to be a good constant value for a and which we found to be suitable for this study as well. The constant to be calibrated here is k. We use the buoyancy from the LES model, i.e., the local environment, to calculate the entrainment only if the buoyancy is positive. In previous studies [e.g., Jensen and Genio, 2006], the parcel stops at the
level of neutral buoyancy. To ensure that the parcels in our study do not continue to rise with a negative buoyancy, we set the entrainment rate for negative buoyancies to a high value of 0.1. This value is arbitrary, but the
results are not sensitive to this value so we assume it to be reasonable.
4. For the vertical velocity dependency the model by Neggers et al. [2002] is used: e5g=ðswÞ, with w the vertical
velocity of the parcel, g a calibration factor, which in this study is set to one, and s the turnover time scale, which
is to be determined.
5. To include a stochastic model, we developed a very simple model inspired by Romps and Kuang [2010].
We implemented the model in a way that gives the highest variability, since the increased variability is
the main characteristic of this model compared to the other models. Therefore, we calculated the
entrainment rate for each parcel only once at the beginning: e5c r. c is the constant to be calibrated and
a21 2y=h
e
r is a random number picked from a gamma distribution f 5 y ha CðaÞ
after Marsaglia and Tsang [2000],
where the normal distribution needed for the calculation of the gamma distribution is calculated with
the Marsaglia polar method [Marsaglia and Bray, 1964]. For the gamma distribution, two parameters
need to be speciﬁed, the shape parameter a and the scale parameter h. For the highest variability in
entrainment we chose a 5 2 and h50:5, which puts the average of the function at 1 and thus makes the
calibrated parameter c comparable to the constant entrainment rate.
Table 2. Root-Mean Square Error of the Best Fit for Various
Entrainment Models

Since the main goal is to evaluate the dependency of parcel state on a range of different variables, simple formulations are used to facilitate the interpretation. The main constant in each formulation is calibrated so that the vertical
proﬁle of the number of parcels still rising best matches the cloud fraction proﬁle in the LES (described in detail in
the next section). This means that here it is implicitly assumed that all cloudiness in the RICO case is associated with
rising parcels. Although this assumption is certainly simplistic, the main aim here is to capture the typical vertical
structure of the number of rising parcels in the cloud layer. We chose the minimum RMSE to calibrate the entrainment models instead of using the constants from the literature because (i) the constants in the literature are often
determined for whole cloud populations, not single parcels, resulting in a conceptual mismatch; (ii) in the literature
different cases are used to calibrate the models, whereas we study the RICO case for all models, independent of
the cases for which the models were designed; and (iii) each entrainment model should be given a chance to perform at its best. The details of this calibration are described in the next section. It should be noted that our main
goal is to document parcel behavior, and its dependence on the environment as well as on the entrainment model.
The detailed discussion of each entrainment model itself, as well as its possible applicability, is not in the scope of
this study; for this we refer to the individual publications that describe each model (see section 2).

4. Results
4.1. Cloud Fraction
parcels
The ‘‘cloud area fraction’’ for (i) the LES, aLES
ðzÞ, is deﬁned as
c ðzÞ and (ii) for the parcels, ac
N

aLES
c ðzÞ5

y
Nx X
1 X
ILES ði; jÞ;
Nx Ny i51 j51

N

ðzÞ5
aparcels
c

y
Nx X
1 X
Iparcels ði; jÞ;
Nx Ny i51 j51

respectively, with I an indicator function deﬁned as
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8
< 0 for ql 50
:

Iparcels ði; jÞ5

;
1 for ql > 0
8
< 0 for z > zt ði; jÞ
:

;

1 for z  zt ði; jÞ

with zt the termination height of the
parcel. The cloud area fraction deﬁned
here describes the fraction of those
grid boxes containing parcels, which
have a negligible size inside the grid
box (see section 3.1). As argued above,
parcels
the fractions aLES
ðzÞ are
c ðzÞ and ac
for simplicity considered to be comparable, because the parcels condense
above cloud base and resemble the
cumulus clouds in RICO, where most
clouds are convective and surfacedriven.
Figure 2. Proﬁles of cloud fraction for the simulations with entrainment models
depending on a constant, on vertical velocity, on height, on buoyancy, and on
stochastics, and proﬁle of the LES cloud fraction. The normalized number of
cloudy grid boxes of the LES for each level (solid black line) and the normalized
number of rising parcels inside columns with an LES cloud for the ﬁve different
models (colored lines) are shown, averaged over the analysis time.

Figure 2 shows the ability of the
entrainment models to reproduce
the cloud fraction proﬁle of the LES.
In the LES the lifting condensation
level (LCL) is between 600 and 700 m.
Above the LCL there is a maximum in cloud fraction, with a decrease with height and the highest clouds
reaching about 2200 m. Similar proﬁles of the cloud fraction were found by van Zanten et al. [2011] and
Siebesma and Cuijpers [1995].

parcels
Differences exist between aLES
ðzÞ throughout the subcloud layer, since the parcels start to rise
c ðzÞ and ac
at the surface and the fraction is constant in the subcloud layer for all entrainment models. The heights of
cloud base and cloud top are mostly well captured, but all entrainment models overestimate the cloud fraction near cloud base and underestimate it higher up. However, though there are differences in the ability of
the models to represent the vertical structure, all models are able to reproduce the cloud fraction to some
degree.

To quantify the capability of the entrainment models to capture the vertical structure, the following root
mean square error is calculated:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u Z
u1 X
RMSE5t
ðNu ðzÞ2NLc ðzÞÞ2 ;
(6)
Z z51
with Z the number of horizontal levels that are taken into account and Nu and NLc the number of updrafts
and cloudy grid boxes at each level, respectively. The vertical range in which this evaluation takes place is
deﬁned by the maximum cloud fraction of the LES as the lower boundary, and the top of the LES cloud fraction as the upper boundary.
Using this RMSE, a parameter optimization was performed by varying the constant parameters of the
entrainment formulations and comparing the cloud fraction of the parcels to the LES cloud fraction. The
RMSE for the different entrainment models are displayed in Figure 3. From this analysis, the parameter giving the smallest RMSE was chosen for each entrainment model. Though there is some variation among the
vertical proﬁles produced by the various entrainment models, which is reﬂected by the RMSE, it is relatively
small since all entrainment models yield the same basic decreasing cloud fraction with height. A summary
of the optimized parameters is given in Table 2. These parameters differ slightly from the parameters in the
literature. For the vertical velocity dependency, s is smaller than proposed by Neggers et al. [2002] based on
an analysis of whole clouds; in our application a lower s is required to make parcels stop at cloud base. For
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Figure 3. RMSE for varying parameters of entrainment models which depend (a) on a constant, (b) on vertical velocity, (c) on height, (d) on buoyancy, and (e) on stochastics.

the same reason, the value for c in the height dependent formulation as well as k in the buoyancy dependency and c in the constant formulation are slightly larger than the values in the literature. Our stochastic
formulation deviates too much from the original formulation by Romps and Kuang [2010] to allow a direct
comparison.
By ﬁnding the most suitable parameter, we prepared the entrainment models such that each model is calibrated to this speciﬁc application and case. Since the main goal of our study is to investigate the behavior
of the parcels, we limit the number of different parameters tested, which is nevertheless detailed enough
for a comparison of the different entrainment models.
Beside cloud fraction, another way to compare the entrainment models is by looking at the variability
among parcels for each model. To this purpose we calculated the variance among the rising parcels
X
ðqt;u ðzÞ2qt ðzÞÞ2
r2qt 5

qt

nðzÞ

;

(7)

with n the number of rising parcels present at height z, qt;u the total speciﬁc humidity of the parcel, and qt
the average over all rising parcels. Thus, for each level we only take into account those parcels that are still
rising. The behavior of the parcels is inﬂuenced by both qt and Hl. In the following we will only show the
results for qt for brevity.
In Figure 4 the humidity variance is used to compare the different entrainment models. All entrainment
models show the same order of magnitude for the variance. The entrainment model depending on the
buoyancy exhibits one of the larger spread among the parcels. We hypothesize that the underlying mechanism of this behavior is the buoyancy sorting concept [Kain and Fritsch, 1990]. When a group of parcels rises
inside an LES cloud, the LES buoyancy is large, implying weak dilution of the rising parcels when using this
entrainment model. However, as soon as a parcel leaves the cloud, the LES buoyancy BLc becomes small, so
that the parcel starts to dilute more efﬁciently. Parcels thus become very sensitive to their environment,
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with the buoyancy-based entrainment
model amplifying the impact of the
environment that we already see with
the constant entrainment model. The
peak in the variance near cloud top for
the formulations depending on a constant and height are due to a small
number of still rising parcels.
It is interesting to note that the variance
of the stochastic approach and the constant entrainment have similar magnitudes. More insight into the buildup of
the variance among parcels is provided
by Figure 5, showing the difference in
variance between a subset of parcels, of
which the termination height is equal to
or higher than 1800 m, and all rising parcels. Here 1800 m is chosen as a height
deﬁning high reaching parcels. For the
subset of high-reaching parcels the variFigure 4. qt-variance for the ﬁve entrainment models for all rising parcels with
ance at lower levels is smaller; this holds
the LES variance as a reference.
for all entrainment models. This suggests
that the properties of high reaching parcels are more similar during their ascent compared to the full ensemble.
Apparently, these parcels are screened off from the hostile cloud-free environment by the local environment which
supports the ascent. This result further conﬁrms that the local environment has a strong inﬂuence on the rising parcels. Especially the variance of the entrainment models depending on buoyancy and vertical velocity is smaller for
the high-reaching subset. The vertical velocity dependency exhibits a positive feedback since increasing vertical
velocity decreases the mixing rate which in turn supports an increasing vertical velocity. A higher buoyancy stimulates an increased vertical velocity, resulting in a similar behavior of those two entrainment models.
4.2. Differences Among Parcels
To better understand the differences between rising parcels we now segregate the behavior of parcels as a
function of their termination heights. In this and the following analyses we only consider the simplest entrainment model with a constant entrainment rate. The argumentation for this is that it highlights the role of the
environment; the secondary dependence on the entrainment model as reported earlier also justiﬁes this choice.
Figure 6 shows the median qt-proﬁle of all parcels, as well as the spread among them. When categorized
into different termination heights with bins of 200 m (Figure 7), several differences become apparent. With
increasing termination height, the interquartile range increases slightly, probably because more variable
local environments are encountered. Also, the high reaching parcels are more successful in maintaining
their humidity. Apparently, parcels with a high humidity are more successful in rising far. For the two highest bins, this difference is not present at all heights due to the relatively small number of high-reaching parcels. The humidity is mainly inﬂuenced by the local environment, which again illustrates the importance of
the local environment on the behavior of the rising parcels. At lower levels below cloud base, all bins have
a similar humidity (Figure 8a) because all parcels were initialized the same. The difference between the parcels is caused by the different environments they encounter.
From this analysis, the effective mixing for each bin can be quantiﬁed by using equation (1) to yield
@
hqt;u ib
@z
hqt;u ib 2qt


hu qt;u 2qt;Lc ib

bbin 52
5

(8)

hqt;u ib 2qt

and discretized
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bbin  2

qt;u ðz2 Þ2qt;u ðz1 Þ
z2 2z1

qt;u ðz1 Þ2qt ðz1 Þ

;

(9)

where hib indicates the mean over all
parcels in bin b, and ð::Þ indicates the
horizontal mean over the whole
domain. Note that bbin is conceptually
different from the entrainment rate for
individual parcels u : the former represents the entrainment rate needed to
reproduce the mean of the bin with a
bulk parcel model that acts on the horizontal mean qt . We adopt this deﬁnition to allow comparison of our results
with previous studies of bulk
entrainment.
To calculate the entrainment with equation (9) we used z1 5800 m and z2 5
1360 m as upper and lower heights for
all bins. The upper level was chosen
because it is the top of the parcels from
the lowest bin. The results were found
not to be sensitive to this choice (not
shown). The resulting entrainment rates
for all bins are compared in Figure 8b.
The bin of the fortunate, highest rising
Figure 5. Difference between the qt-variance of parcels reaching at least 1800 m
and all rising parcels for the ﬁve entrainment models.
parcels has a low entrainment rate,
enabling them to rise far, while the bin
with the unfortunate parcels has a high entrainment rate. The range of entrainment rates lies between
0.0015 and 0.003 m21. In the literature, similar values were found for bulk population statistics [Siebesma
and Cuijpers, 1995].
4.3. Case Studies
To gain more insight into the relation between parcel and local environment, two individual parcels with
very different properties are selected as opposing case studies. Parcel state variables and budget terms will
be investigated, focusing on the differences between these two parcels. This should provide insight into
what causes the net behavior of a parcel in general, and its response to its direct environment.
4.3.1. The Fortunate Parcel
The ﬁrst case is a parcel with one of the highest maximum vertical velocities, which falls in the bin of the
highest reaching parcels as discussed in the previous section. This column is interpreted as an example of a
strong updraft with a high vertical velocity and a high termination height, rising in the most favorable environment and therefore called ‘‘fortunate parcel.’’ These strong parcels are relatively rare [Plank, 1969] but
are illustrative to study. The LES cloud in which this updraft is embedded is shown in Figure 9a. The proﬁles
of vertical velocity and qt-excess of the parcel over the environment as well as the proﬁles of the buoyancy
and w 0 q0t (solid lines) are shown in Figure 10. The high termination height of this parcel is associated with a
high vertical velocity, increasing until about 2000 m. Up to that height, the qt-excess is small, being ﬁrst
slightly positive and above 1600 m becoming slightly negative, indicating a small qt difference between the
parcel and its direct environment. This behavior is caused by the presence of an LES cloud in the column,
associated with a relatively high qt;Lc . The buoyancy Bu is slightly positive for most of the ascent of the parcel. Near its termination height the parcel vertical velocity decreases rapidly while the qt-excess increases
rapidly. This probably reﬂects the parcel overshooting out of the LES cloud. At the top of the LES cloud the
qt;Lc decreases abruptly (not shown), causing the difference between the parcel and its environment to
increase. Near the termination height the negative Bu contributes to the stopping of the parcel.
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The product w 0 q0t is shown in Figure
10d, expressing the impact on vertical
transport. The proﬁle closely resembles
that of the qt-excess, with a very small
positive value until a height of about
1600 m and a slightly negative value
between 1600 and 2000 m. (Note that
this product represents the hypothetical transport relative to the direct environment; the parcel is ‘‘sailing’’ on top
of an LES cloud. Accordingly, a negative local value could still be associated
with a positive value with respect to
the horizontal mean). Near the termination height this term peaks due to
the combined high values of vertical
velocity and qt-excess at that height.

Figure 6. Median of qt for all rising parcels (red), interquartile range (gray), maximum qt for each level (solid black) and mean qt of the local environment (dashed
black).

The results illustrate that the parcel
reacts immediately to changes in its
environment. As long as the vertical
velocity inside the LES cloud is positive, the parcel follows with a similar

Figure 7. Median of qt for all rising parcels (red), interquartile range (gray), maximum qt for each level (solid black) for all rising parcels that reach between (a) 1200 and 1400 m, (b) 1400
and 1600 m, (c) 1600 and 1800 m, (d) 1800 and 2000 m, and (e) 2000 and 2200 m.
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Figure 8. Median of (a) qt and (b) bulk entrainment rate for different height bins for the model with constant entrainment.

vertical velocity; the picture emerges that it is sailing along with the cloud, proﬁting from its protected status. Once the parcel shoots out of the cloud, it quickly reaches its termination height. The vertical extent of
this overshooting layer is small, suggesting that parcels cannot live long outside an LES cloud.
4.3.2. A Less Fortunate Parcel
wAnother parcel is studied as an opposite example. This parcel, taken from the second highest category of
section 4.2, does not reach that high, and could therefore be labeled as a ‘‘less fortunate’’ parcel. It is a less
extreme case than the ‘‘fortunate parcel’’ and serves as an example of the variety of parcels’ fates. Figure 10
shows the proﬁles of this less fortunate parcel. The qt-excess differs substantially from the fortunate parcel in
its second peak between 1200 and 1600 m, which corresponds to a decrease in its vertical velocity wu. Somewhat counterintuitively, its buoyancy Bu at this height is mostly positive and much larger than the buoyancy
of the fortunate parcel. The proﬁle of w 0 q0t resembles the proﬁle of the qt-excess. Figure 9b shows the LES
environment in which the less fortunate parcel rises. It contains two clouds, and although the parcel rises at
the edge of the higher cloud, this still results in a double peak in the liquid water mixing ratio at about 1400
and 1800 m. Because between those two peaks, qt;Lc is at a minimum, qt;u is now larger than qt;Lc , associated
with a peak in the qt-excess. This behavior, featuring a gap in the LES cloud, can in this framework be loosely
interpreted as a particle being detrained by one cloud and subsequently being entrained by another.

Figure 9. Part of a vertical cross section of the liquid water mixing ratio of the LES around (a) the fortunate parcel and (b) the less fortunate parcel (dashed line is the location of the studied columns shown in Figure 10).
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Figure 10. Proﬁles of (a) vertical velocity, (b) qt-excess, (c) buoyancy, and (d) w 0 q0t for the fortunate (solid line) and the less fortunate parcel (dashed line) and the LES columns (blue).

The parcel behavior for this less fortunate parcel further highlights how strongly the parcel reacts to its
direct environment. Only when it leaves a cloud is it actively able to do transport relative to its direct environment; however, the hostile air then quickly and efﬁciently reduces both its kinetic energy and excess
properties.
4.4. Budget Analyses
4.4.1. Fortunate Parcel
The behavior of the rising parcels can be revealed in more detail by studying the different terms of the
budgets that control the behavior of the parcels. Two terms in the parcel’s kinetic energy budget can have
opposing effects, the mixing term and the buoyancy Bu (equation (3)). Figure 11a shows the variables making up the buoyancy Bu for the fortunate parcel, including the virtual potential temperature of this parcel
Hv;u , the LES column Hv;Lc , and the average over the whole domain Hv . Bu and BLc 5gðHv;Lc 2Hv Þ=Hv , are
also shown for reference. The Hv proﬁle shows the well mixed subcloud layer with a more or less constant
value, a conditionally unstable lapse rate in the cloud layer and an inversion at about 1900 m. In the cloud
layer Hv;Lc > Hv , which is in accordance with the rising of the convective cloud in the column. Near the top
of the cloud Hv;Lc is smaller than Hv . Compared to Hv;Lc ; Hv;u is only marginally larger, but extends slightly
higher. BLc is positive up to the height where Hv;Lc gets lower than Hv . Here BLc becomes negative up to
the cloud top. In contrast, the updraft buoyancy Bu is only marginally positive. At the height where the LES
cloud reaches its top, Bu has a positive peak, until Hv;u sharply decreases as the particle overshoots the
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cloud. These proﬁles show that the parcel model feels its local environment and reacts to it; it sails with the
LES cloud in a weakly buoyant state.
The analysis of the kinetic energy budget (equation (2)), including the buoyancy term, the acceleration
term, and the mixing term, is shown in Figure 11c. Between cloud base and about 1800 m, the buoyancy
and the mixing term are relatively small, and the acceleration mostly follows the mixing term. Above
1800 m, the mixing term dominates the budget up to shortly beneath cloud top. Note that the proﬁle of
2
the mixing term depends on ðwu 2wLc Þ (see equation (2)). Between 1000 and 2000 m the term wu2 2wLc
<0
(see Figure 10), causing the mixing term to become positive. The opposite is true between 2000 m and the
termination height, resulting in a negative mixing term. At cloud top Bu takes over with a negative peak,
while the mixing is already zero. Apparently, when the parcel shoots out of the cloud, its local buoyancy Bu
becomes positive but is outdone by the suddenly strongly negative mixing term, causing the parcel to
dilute and quickly loose its buoyancy. In other words, mixing is more important than buoyancy in the kinetic
energy budget.

Figure 11. Buoyancy and contributing terms (equation (3)) for (a) the fortunate parcel and (b) the less fortunate parcel, and the budget
analysis for the kinetic energy (equation (2)) for (c) the fortunate parcel and (d) the less fortunate parcel.
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4.4.2. Less Fortunate Parcel
The budget analysis for the less fortunate parcel is shown in Figures 11b and 11d. Compared to Figure 11a,
Figure 11b shows that Hv;Lc becomes smaller than Hv at a lower height. There is an area around 1400 m
where Hv;u is much larger than Hv;Lc . In this area, BLc has a minimum, while Bu peaks. This area corresponds
to the gap in the cloud (Figure 9b).
For the kinetic energy budget (equation (2) and Figure 11d), in the lower part of the cloud layer, the mixing
term is positive while the buoyancy is small, resulting in a slightly positive acceleration term which enables
the parcel to rise with the background LES cloud. Above about 1200 m, the mixing term becomes negative
because wu 2wLc > 0 (see Figure 10). This mixing slows the parcel, causing the vertical velocity to decrease,
because the mixing term has a higher magnitude than the suddenly positive buoyancy Bu. As the parcel
enters the second LES cloud, it keeps decelerating, mainly because wLc is mostly negative (a passive cloud).
As it overshoots the second cloud, negative buoyancy Bu efﬁciently slows the parcel down to a standstill.
At this point the following picture emerges about how parcels interact with a heterogeneous environment.
Inside an LES cloud the local parcel buoyancy Bu is small, while its properties are close to that of the background; as a result, it is able to move with the cloud, being screened off from the hostile environment. As
soon as it leaves the cloud, however, the mixing term starts to dominate the kinetic energy budget and
ensures that the parcel quickly loses its excess properties, in the process becoming more important than
the buoyancy. This mechanism effectively sorts out the parcels outside of clouds from the ones inside
clouds. Given the dominance of the mixing term, this process could be referred to as a ‘‘mixing-sorting
mechanism.’’
It is interesting to draw parallels with the buoyancy sorting mechanism as proposed by Kain and Fritsch
[1990]. The main difference is that the buoyancy sorting mechanism is formulated in terms of the total
buoyancy of a parcel over the mean state, BLc 1Bu , while the mixing-sorting mechanism as described above
is formulated in terms of the local Bu alone. In principle, they describe the same process, of parcels decelerating when leaving a cloud. However, as we ﬁnd that the mixing term is in the end responsible for slowing
down (and sorting out) the parcel, and not the buoyancy term, one could argue that mixing-sorting is a
more appropriate name for this process.

5. Summary and Conclusions
In this study the potential impact of the local environment on the fate of a rising parcel is investigated. To
this purpose a simpliﬁed setup was used, with parcels interacting with proﬁles that reﬂect the heterogeneous turbulent environment that they may encounter during their ascent. This way, interaction with other
parcels is indirectly represented, which is a novelty in multiparcel modeling. In addition, the method is
designed to enable the investigation of well-known mechanisms like parcel screening and buoyancy sorting. Different entrainment models were used in the same setup to investigate the effect of the entrainment
parameterization on parcel behavior. An LES was used to generate a shallow cumulus cloud ﬁeld, providing
the range of different local environments that is required for this study.
We ﬁnd that the most important factor determining the eventual parcel termination height is the local environment that it encounters on its way; the formulation of the entrainment model is of secondary importance. The entrainment model depending on the background buoyancy performs best. We speculate that
the information of the state of the environment captured by the background buoyancy can explain this.
The results further suggest that (i) parcel screening is efﬁcient in boosting their termination height, (ii) parcels quickly lose their excess properties when leaving a protective in-cloud area, (iii) mixing dominates over
local buoyancy in the kinetic energy budget of these parcels, and (iv) initial conditions seem to be less
important that the mixing.
Despite the simplicity of our method, for example in the use of vertically sampled LES proﬁles to act as parcel environments and the omission of life cycle effects, the method is already successful in providing insight
into some important mechanisms in shallow cumulus convection. This includes the parcel screening effect,
the buoyancy sorting mechanism, and the importance of the local environment over the entrainment formulation. It would be interesting to explore if proﬁles obtained from LES trajectory analyses would yield the
same results. This is considered a future research topic.
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This study makes use of entrainment models that have been proposed in the literature. It is beyond the scope
of this study to validate these models, or to derive new ones. The sole aim of including many different dependencies is to ﬁnd out if any of these entrainment models can diminish the apparently dominant role of the
local environment in determining parcel termination height. It is clear from the results that none can do so.
What do the results and insights obtained in this study imply for the parameterization of shallow cumulus
convection? Perhaps the most important consequence is that the local environment encountered by rising
parcels should be taken into account in the associated budget equations. This can be achieved either indirectly, by perhaps using a stochastic entrainment closure to mimic a chance encounter with heterogeneous
air, or directly, by letting rising parcels in an ensemble somehow interact with each other. The development
of such models is considered a future research opportunity. Perhaps the results obtained in this study can
provide some guidance in this effort.
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